Induction of the 70-kDa heat shock protein (HSP70) was demonstrated immunocytochemically in adult rats 4 h to 7 days following temporary middle cere bral artery (MeA) occlusions lasting 30, 60, or 90 min. Maximal HSP70 induction occurred �24 h following ischemia. Thirty minutes of ischemia induced HSP70 in neurons throughout the cortex in the MeA distribution, whereas 90 min of ischemia induced HSP70 in neurons in the penumbra. HSP70 protein was induced in endothelial cells in infarcted neocortex following 60-90 min of MeA occlusion, and HSP70 was induced in endothelial cells in infarcted regions of lateral striatum following 30-90 min
Summary: Induction of the 70-kDa heat shock protein (HSP70) was demonstrated immunocytochemically in adult rats 4 h to 7 days following temporary middle cere bral artery (MeA) occlusions lasting 30, 60, or 90 min. Maximal HSP70 induction occurred �24 h following ischemia. Thirty minutes of ischemia induced HSP70 in neurons throughout the cortex in the MeA distribution, whereas 90 min of ischemia induced HSP70 in neurons in the penumbra. HSP70 protein was induced in endothelial cells in infarcted neocortex following 60-90 min of MeA occlusion, and HSP70 was induced in endothelial cells in infarcted regions of lateral striatum following 30-90 min Normal rat brain cells do not express the 70-kDa heat shock protein (HSP70) (Vass et aI. , 1988; Brown et aI. , 1989; Gonzalez et aI. , 1989; Sharp et aI. , 1991a,b) , which is a product of the hsp70 gene (Hunt and Morimoto, 1985) . HSP70 is induced in brain in response to hyperthermia (Brown, 1983; Sprang and Brown, 1987; Barbe et aI. , 1988) , epi lepsy (Gonzalez et aI. , 1989; Vass et aI. , 1989; Lo wenstein et aI., 1990) , hypoxia-ischemia (Nowak, 1985; Kiessling et aI. , 1986; Vass et aI. , 1988; Dwy er et aI. , 1989; Gonzalez et aI., 1989; Ferriero et aI. , 1990) , injection of excitotoxins (Uney et aI. , 1988; Gonzalez et aI. , 1989) , noncompetitive N-methyl-D aspartate receptor blockers (Sharp et aI. , 1991b) , and direct mechanical trauma (Currie and White, of MeA occlusion. hsp70 mRNA was induced in the MeA distribution in cortex and to a lesser extent in stri atum at 2 h to 3 days following 60 min of ischemia. It is proposed that brief ischemia induces hsp70 mRNA and HSP70 protein in the cells most vulnerable to ischemia the neurons. HSP70 protein is not induced in most neu rons and glia following 60-90 min of ischemia in areas destined to infarct, whereas it is induced in vascular en dothelial cells. Key Words: Focal brain-hsp70 mRNA Middle cerebral artery-Stress and heat shock protein Stroke.
1981; Brown et aI. , 1989) . Gonzalez et al. (1989) emphasized the potential value of using HSP70 im munostaining as a sensitive marker of brain cell in jury.
HSPs are a family of proteins that perform many functions. Some 60-to 80-kDa HSPs appear to chaperone protein movements across membranes and mediate important protein-protein interactions in normal and stressed cells (Chapell et aI. , 1986; Ellis, 1987; Chirico et aI. , 1988; Cheng et aI. , 1989; Chiang et aI. , 1989; Deshaies et aI. , 1989; Beck mann et aI. , 1990) . Some 90-kDa HSPs regulate ste roid receptor availability.
Once HSPs are induced, they may prevent pro teins from being denatured (Pelham, 1986) and pro tect cells from subsequent injury (Schlesinger et aI. , 1982; Johnston and Kucey, 1988; Riabowol et aI., 1988) . Barbe et al. (1988) provided the first direct evidence for this protective role in the CNS by showing that preinduction in the rabbit retina via systemic hyperthermia is associated with a de crease in light-induced retinal injury. Moreover, mild global cerebral ischemia, sufficient to induce HSP70 in the hippocampus, attenuates the hippo campal injury associated with a subsequent severe ischemic insult (Kitagawa et aI., 1990; Kirino et aI., 1991) . Thus, there is substantial evidence that HSP induction can be protective against injury.
Hypoxia-ischemia (Dwyer et aI., 1989; Ferriero et aI., 1990) , focal ischemia (Gonzalez et aI., 1989) , and global ischemia (Vass et aI., 1988; Gonzalez et aI., 1991; Sharp et aI., 1991a) induce HSP70. The current study provides details on the time course and anatomy of the HSP70 induction. Importantly, these data show that HSP is induced in endothelial cells in areas destined to infarct or that have in farcted, whereas HSP70 is not induced, for the most part, in neurons and glia in areas that have in farcted.
MATERIALS AND METHODS

Transient middle cerebral artery occlusion
Focal cerebral ischemia was produced in adult male Sprague-Dawley rats (Bantin and Kingman; 280--300 g) using the method reported by Zea Longa et ai. (1989) with modifications. Briefly, rats were anesthetized with 2-0.5% isoflurane (70% NzO!30% 02) and xylazine (1 mg! kg i.p.). Rectal temperature of the animal was maintained at 37°C with a heating pad. The right femoral artery was cannulated for serial measurements of MABP and Pa02, Pac02, and pH during middle cerebral artery (MCA) oc clusion. The left common carotid artery was exposed and the external carotid artery and its branches as well as the pterygopalatine artery were coagulated and ligated. A 4-0 monofilament nylon suture, blunted at the tip, was threaded into the internal carotid artery through the ex ternal carotid artery stump up to the anterior cerebral artery. After the completion of the proximal MCA occlu sion, the suture was removed, the external carotid stump was coagulated, and the wound was closed. The femoral artery catheter was also removed, the artery was coagu lated, and anesthesia was discontinued. Four control rats underwent surgery but did not have the suture inserted.
Immunocytochemistry
Rats were given 100 U!kg heparin i.p. and reanesthe tized with ketamine (80 mg!kg i.p.) and xylazine (20 mg!kg i.p.). Ten minutes later, they were perfused with 4% paraformaldehyde in pH 7.4, 0.1 M phosphate-buffered saline solution (PBS) at 24 h of reperfusion following 30 (n = 8), 60 (n = 9), and 90 (n = 5) min of MCA occlusion or at 4 h, 8 h, 24 h, 2 days, 3 days, and 7 days of reper fusion following 60 min of MCA occlusion (n = 3 for each group). Their brains were removed, postfixed 1-4 h, sec tioned at 100 f.Lm on a vibratome, and processed for im munocytochemistry and either cresyl violet or hematox ylin-eosin stain. The sections were reacted for the induc ible HSP70 using a mouse monoclonal antibody (Amersham, Arlington, IL, U.S.A.) developed and char acterized by Welch and Suhan (1986) that reacts with one major protein product and a minor protein on Western blots (Welch and Suhan, 1986; Vass et ai., 1988) . Immu nocytochemistry was performed using the avidin-biotin horseradish peroxidase technique (Elite Vecstatin, Bur-lingame, CA, U.S.A.). Briefly, sections were placed in PBS containing 2% horse serum (HS), 0.2% Triton X-100, and 0.1 % bovine serum albumin (PBS-HS) for 2 h at room temperature. This was followed by a 48-h incubation at 5°C in the HSP70 monoclonal antibody diluted 1 :2,000 in PBS-HS. The sections were washed in PBS several times and incubated in a second antibody (biotinylated horse antimouse IgG adsorbed against rat serum) for 2 h. They were then placed in an avidin-horseradish solution for 3 h, washed twice with PBS, and reacted for horseradish peroxidase using diaminobenzidine (0.015% in PBS; Sigma, St. Louis, MO, U.S.A.) and 0.001% hydrogen peroxide. Sections were then washed for 1 h and mounted on gelatinized slides. As an immunocytochemistry con trol, alternate sections were incubated in the absence of primary antibody.
We also measured the area of the cortical infarction (the area of HSP70 induction in endothelial cells) and the total area of cortical HSP70 induction at two levels ( + 1.0 mm and -1.0 mm from bregma) using an MCID image analysis system (Swanson et ai., 1990) . The infarcted area was expressed as the mean percentage of the total area of HSP70 induction in neocortex.
In situ hybridization
Rats used for in situ hybridization were anesthetized with ketamine (80 mg!kg i.p.) and xylazine (20 mg/kg i.p.) and decapitated 2 h, 8 h, 16 h, 24 h, 2 days, and 3 days following 60 min of MCA occlusion (n = 4 for each group). The dissected brains were frozen in mounting me dium and stored at -70°C, Sections (20 f.Lm) were cut on a cryostat at -20°C, collected on precleaned slides, and processed for in situ hybridization using the method of Schalling et ai. (1988) with modifications. The probe used in these studies was a synthetic oligonucleotide (30-mer) that corresponds to highly conserved amino acids (122-129) near the 5'-end of the human hsp70 coding sequence (Hunt and Morimoto, 1985) . This sequence has been re ported to be specific for the inducible hsp70 gene (Miller et ai., 1991) and has been used to show that hsp70 mRNA is not expressed at detectable levels in most normal ro dent cells (Marini et ai., 1990; Nowak et ai., 1990) . The slides were hybridized at 37°C for 18 h with 1 x 106 cpm of the 35S-labeled probe. After hybridization, the sections were rinsed in 1 x SSC (150 mM sodium chloride, 15 mM sodium citrate, pH 7.4) at 52°C for 60 min with several changes of 1 x SSC, dehydrated, and exposed to Kodak SB-5 film for 3 weeks.
RESULTS
Physiological data
All rats survived the transient MeA occlusions. There were no significant differences in blood pres sure, blood gas, and pH between groups (Table 1) .
HSP70 immunoreactivity
The summary of HSP70 induction following 30, 60, and 90 min of MeA occlusion is shown in Table  2 . No HSP70 immunoreactivity was observed in the brains of the control rats. Likewise, there was no HSP70 immunoreactivity in the hippocampus, thal amus, or cingulate gyrus in the brains of rats that had transient MeA occlusion. Thirty minutes of ischemia followed by 24 h of reperfusion induced HSP70 immunoreactivity in the MCA distribution in neocortex and lateral striatum ( Fig. IA and D) . Cortical HSP70 immunostaining was localized only to neurons (eight of eight rats) ( Fig. 2A ). HSP70 immunostaining in the lateral stri atum was localized primarily to neurons (eight of eight rats) ( Fig. 3A ) and endothelial cells (four of eight rats). In two of eight rats, the HSP70-im munostained endothelial cells were surrounded by HSP70-positive glial cells.
Sixty minutes of ischemia followed by a 24-h pe riod of reperfusion caused a heterogeneous pattern of staining in cortex. HSP70 was induced in neurons (nine of nine rats) at the borders of the MCA in the penumbra ( Fig. IB and E) and piriform cortex ( Fig.  4 ). HSP70 was induced in endothelial cells at the center of the ischemic parietotemporal neocortex (seven of nine rats). The percentage of cortical in farction in the area of HSP70 induction in neocortex was 26.4 ± 13.3% (mean ± SD). In six of nine rats, stained astrocytes appeared to surround areas of infarction ( Fig. 2B ), as noted previously by Sharp et al. (l99Ia) . Sixty minutes of ischemia induced HSP70 primarily in endothelial cells (nine of nine rats) in the lateral striatum, with much less neuronal staining for HSP70, compared with the 30-min group (Fig. 3B ). HSP70 was induced in medium sized neurons (three of nine rats) in the ventrome dial border ( Fig. 3D ) and in glial cells (seven of nine rats), most likely astrocytes, at the medial borders of infarction (Fig. 3C) .
The time course of HSP70 induction following 60 min of MCA occlusion is shown in Fig. 4 . HSP70 protein could be detected within 4 h ( Fig. 4A ), was maximal around 24 h (Fig. 4C ), and was still detect able in some cell types at 7 days ( Fig. 4F ).
Ninety minutes of ischemia, compared with 30-60 min, markedly reduced the total amount of HSP70 immunostaining observed 24 h later ( Fig.  IC) . HSP70 was induced primarily in endothelial cells in parietotemporal neocortex (four of five rats). The percentage of cortical infarction in the area of HSP70 induction in neocortex was 62.8 ± 27.3% (Fig. 2C ). HSP70 was also induced in endo thelial cells in the striatum (five of five rats) (Figs. IC and 3E). Occasional HSP70-positive neurons were found (five of five rats) within the striatum (Fig. 3E) . At the borders of the MCA, HSP70 was induced in neurons (five of five rats) throughout the penumbra and in piriform cortex. The sections of neocortex and striatum incubated in the absence of primary antibody for HSP70 24 h following 90 min of MCA occlusion showed no specific staining ( Figs. 2D and 3F) .
The identification of HSP70-immunostained cells in this study was based entirely upon the cell mor phology. HSP70 was induced within the perikarya, dendrites, and axons of cells in cortex ( Figs. 2A and  B and 4) and striatum (Fig. 3A, B , D, and E) that could readily be identified as neurons. Endothelial cells were identified primarily because of their small J08 H. KINOUCHI ET AL.
FIG. 1. Heat shock protein (HSP) 70 immunostaining (A-C) and cresyl violet staining (D-F) of coronal brain sections from rats 24 h after transient middle cerebral artery (MeA) occlusion lasting 30 (A, 0), 60 (8, E), and 90 (C, F) min. HSP70 was induced in cortex and in lateral striatum following 30 min of ischemia (A) and in medial striatum following 60 min of ischemia (8). Much less HSP70 immunostaining occurred following 90 min of ischemia (C). Pale cresyl violet staining occurred in lateral striatum following 30 min of ischemia (0) and in lateral and medial striatum following 60 (E) and 90 (F) min of ischemia. Pale staining occurred in patches of cortex following 60 min of ischemia (E) and in most of the neocortex supplied by the MeA following 90 min of ischemia (F). This pale cresyl violet staining (D-F) corresponded to areas of cerebral infarction and to areas of pale HSP72 (A-C) staining. Bar = 1 mm. soma and linear arrays along vessel walls (Figs. 2C and 3B and E) . The identification of the glial cell types in which HSP70 is induced is uncertain. Based upon morphology, we believe that some of the glial cells are astrocytes ( Figs. 2B and 3C ). However, it is also possible that some of the cells are microglial. Double-label studies will be required to determine whether HSP70 is induced in one or both cell types.
Following 30 min of ischemia, no evidence of in farction was observed in cortex (eight of eight rats) on Nissl staining or hematoxylin-eosin stains per formed on rats that survived 24 h (Fig. ID) . In con trast, lateral striatum had evidence of infarction be cause of pale staining (Fig. ID) and shrunken, tri angular neurons with dark-staining nuclei in four of eight rats. Twenty-four hours following 60 min of ischemia, the lateral striatum (nine of nine rats) and central portions of neocortex supplied by the MCA were infarcted (seven of nine rats) (Fig. IE) . 1993 Twenty-four hours following 90 min of ischemia, the neocortex (four of five rats) and striatum (five of five rats) were infarcted in the distribution of the MCA (Fig. IF) . HSP70 immunostaining of endothe lial cells occurred almost exclusively in areas that appeared infarcted on Nissl and hematoxylin-eosin stains. These infarcted areas were surrounded by HSP70-immunoreactive glial cells.
In situ hybridization hsp70 mRNA in situ hybridization autoradio graphs of coronal brain sections are shown in Fig. 5 for rats 2 h, 8 h, 16 h, 24 h, 2 days, and 3 days following 60-min MCA occlusion. There was no hsp70 mRNA induction in the hippocampus, thala mus, or cingulate gyrus in the brains of rats that had transient MCA occlusion. While HSP70 protein was not detected until 4 h following 60 min of MCA occlusion, hsp70 mRNA was already induced at 2 h in striatum and neocortex. As shown above, these rats would be expected to have striatal infarctions and infarctions of neocortex in central portions of the MCA. The most pronounced increase in hsp70 mRNA occurred throughout the cortex in the MCA distribution at 24 h following recirculation (Fig.  5D ). Induction in the penumbra was sometimes patchy. Though hsp70 mRNA was also induced in striatum that would infarct, the induction was mark edly less than in neocortex at 16 and 24 h ( Fig. 5C  and D) . Moreover, a rim of high hsp70 mRNA sig nal was detected in striatum at the margins of the ischemic injury. The pattern and the time course of hsp70 mRNA induction are similar to the patterns of HSP70 protein induction.
DISCUSSION
This study demonstrates a variable anatomical pattern of HSP70 protein induction depending on the duration of the transient focal ischemia. This is consistent with previous HSP70 findings following global ischemia (Gonzalez et aI. , 1991; Simon et aL 1991) and hypoxia-ischemia (Ferriero et aI. , 1990) . HSP70 is induced first in CAl pyramidal and hilar neurons, then in CA3 neurons, and finally in dentate granule cell neurons of the hippocampal formation following increasing durations of ischemia (Vass et aI. , 1988; Gonzalez et aI. , 1991; Simon et aI. , 1991) . In neonatal rats, 2 h of moderate hypoxia-ischemia induces HSP70 in neurons of the hippocampus and FIG. 3. Heat shock protein (HSP) 70 immunostaining in the striatum of coronal brain sections from rats 24 h following 30, 60, and gO min of middle cerebral artery occlusion. A: HSP70 induction in lateral striatum occurred mainly in neurons in 30-min ischemia. B: HSP70 was primarily induced in endothelial cells and a few neurons in 60-min ischemia. C: HSP70-positive glia cells sur rounding the infarcted area (*) in 60-min ischemia. 0: HSP70-immunoreactive medium-sized neurons localized primarily in uninfarcted ventromedial striatum. E: HSP70 was induced mainly in endothelial cells and occasionally in neurons in gO-min ischemia. F: The striatal section incubated in the absence of primary antibody for HSP70 in gO-min ischemia. Bar = 100 fLm. cortex, whereas 3.5 h of severe hypoxia-ischemia induces HSP70 in neurons and vessels of the hip pocampus and cortex bilaterally (Ferriero et aI., 1990) . HSP induction in focal ischemia has been reported (Gonzalez et aI., 1989; Sharp et aI., 1991a) in neurons, glia, and endothelial cells of infarcted areas, while only neuronal induction appeared in penumbra areas following permanent MCA occlu sion (Gonzalez et aI., 1989) . The present study also showed the consistent induction of HSP70 only in neurons in the penumbra area. Sharp et ai. (l991a) J Cereb Blood Flow Metab. Vol. 13, No.1. 1993 showed patchy induction of HSP70 in neurons that were surrounded by HSP70-immunoreactive astro cytes in regions of focal ischemia and possible in farction. The present study of transient MCA oc clusion finds a similar pattern of HSP70-stained as trocytes around stained neurons. The current study provides the new observation that HSP70 is in duced in endothelial cells of blood vessels in corti cal and striatal regions that have infarcted.
Brain regions were judged to have been infarcted by traditional Nissl and hematoxylin-eosin staining.
FIG. 4. Heat shock protein (HSP) 70 immunostaining in the piriform cortex of coronal brain sections from rats 4 h (A), 8 h (8), 24 h (C), 2 days (0), 3 days (E), and 7 days (F) following 60 min of middle cerebral artery occlusion. HSP70 immunostaining occurred primarily in neurons in this border zone and was maximal around 24 h (e) following occlusion. Bar = 100 fLm. This induction in the endothelial cells in infarcted brain regions is compatible with previous results showing induction of HSPs in cerebral vessels in vivo and vitro (White, 1980; Currie and White, 1981; Gonzalez et aI. , 1989 Gonzalez et aI. , , 1991 Ferriero et al. , 1990) . Though HSP70 protein is induced in endo thelial cells in areas of focal cerebral infarction, it is unclear why HSP70 is not expressed in other cell types (most neurons and glia) in the infarcted brain regions. HSP70 staining occurring only in endothe lial cells could be explained by the selective vulner ability of neurons and glia to ischemia. Neurons are the cells most vulnerable to ischemia, glia are more resistant to ischemia, and endothelial cells are the most resistant cell type in brain to ischemia. We hypothesized that when ischemia is sufficiently long to produce infarction, transcription and/or transla tion of the heat shock genes (Dienel et al. , 1986; Kies sling et al. , 1986; Thilmann et al. , 1986) is pre vented in neurons and glia. Indeed, in situ hybrid ization showed much less hsp70 mRNA signal in lateral striatum than in cortex; this could be caused by the loss of the transcriptional ability of neurons and glia. Striatum is the most vulnerable area in this model, and even 30 min of ischemia causes infarc tion in striatum but not in cortex. Therefore, we propose that endothelial cells are the most resistant cells to ischemia in brain and that following infarc tion they are able to synthesize HSP70 protein.
Neurons and glia, however, are unable to do so B because their transcriptional and/or translational machinery has been irrevocably damaged.
However, a few neurons still survived and ex pressed HSP70 in the infarcted striatum and neocor tex even after 90 min of MCA occlusion. It has been found that neurons containing N ADPH di aphorase-somatostatin-neuropeptide Y were strik ingly preserved in the infarcted dorsolateral stria tum, although severe neuronal loss was evident in this area following hypoxia-ischemia (Ferriero et al., 1988; Uemura et al., 1990) . It is suggested that these selective HSP70-positive and viable neurons in the infarcted area might be identical to the NADPH-diaphorase-positive neurons.
Though many studies show that HSP70 expres sion is extremely useful for assessing injury (Vass et al., 1988 (Vass et al., , 1989 Brown et al. , 1989; Dwyer et al. , 1989; Gonzalez et al., 1989 Gonzalez et al., , 1991 F erriero et al. , 1990; Lowenstein et al., 1990; Sharp et al. , 1991a,b) , it is unclear whether cells expressing HSP will live or die. Vass et al. (1989) first showed that global ischemia in gerbils induced HSP70 primarily (0), 2 days (E), and 3 days (F) following 60 min of middle cerebral artery occlu sion. Hybridization was de tected from 2 h and lost by 7 days following ischemia (data not shown). Note the very high hsp70 mRNA signal in neocor tex (layer 4) and piriform cortex and the much lower hsp70 mRNA signal in infarcted lateral striatum.
in CA3, CA4, and dentate granule cell neurons known to survive, whereas HSP70 was minimally induced in CAl pyramidal neurons, which die. Sim ilarly, Simon et al. (1991) found that short durations of global ischemia induced HSP70 in neurons that did not die, as assessed by acid fuchsin stains. Sharp et al. (1991a) also found that MK-801, phen cyclidine, and ketamine induce HSP70 in cingulate gyrus neurons, which are known to survive. Our transient focal cerebral ischemic data show that HSP70 is induced in neurons throughout cortex fol lowing 30-min MCA occlusions and in neurons in penumbral (border) areas of the cortical ischemic lesion in 60-and 90-min MCA occlusion groups, where there is no evidence of infarction at that time point. These findings are compatible with the con cept that HSP70 might be a sensitive marker of in jured neurons that can survive. However, it has also been shown that a lethal heat shock can induce expression of HSPs (Mizzen and Welch, 1988) . It has also been reported that all morphologically in tact CA1I2 neurons, 70% of which are destined to become necrotic 7 days after 8 min of forebrain ischemia in rats, exhibited intense HSP70 staining, while necrotic or damaged neurons were devoid of or low in HSP70 (Chopp et aI. , 1991) . The investi gators concluded that the presence of HSP70 in a neuron is likely a marker of stress and is not nec essarily indicative of eventual neuronal survival (Chopp et ai., 1991) . Thus, while it may be true that cells unable to express HSP70 may be unable to survive, expression of HSP70 does not guarantee survival. Further studies will be needed to clarify these issues.
Though the mechanism of HSP70 induction in the cortical neurons following global ischemia is not ad dressed here, other studies have assessed mecha nisms. Heat shock gene induction is initiated fol lowing formation of denatured proteins, which ac tivate heat shock factors that bind to heat shock elements in heat shock genes to activate hsp70 tran scription and HSP70 protein expression (Xiao and Lis, 1988; Abravaya et aI., 1991) . It seems likely, therefore, that ischemia induces HSPs by injuring cells and denaturing proteins. Excitatory amino acid neurotransmitters appear to contribute to neu ronal injury in hippocampus and other brain regions following ischemia (Meldrum et aI., 1987; Rothman and Olney, 1987) . Moreover, it has been suggested that N-methyl-D-aspartate receptor antagonists re duce infarct size by decreasing ischemic damage in the penumbral areas following MCA occlusion (Shiraishi et aI., 1989; Simon and Shiraishi, 1990) . These findings are consistent with the idea that ex cess cell excitation caused by the excitatory amino acids glutamate and aspartate injure cells and dena ture proteins and contribute to HSP induction in neurons. This does not explain how glial HSP in duction occurs. Moreover, Lowenstein et ai. (1991) showed that glutamate at concentrations from 100 /-LM to 10 mM does not induce a classic heat shock response in cultured cerebellar granule cells and speculated that factors other than excitatory amino acids might contribute to the cellular pathophysiol ogy of these insults. For example, ischemia pro duces hypoxia, acidosis, and increased free radical production, in addition to an increase in extracellu lar glutamate (Choi, 1988) . In this regard, Benjamin et ai. (1990) have recently shown that hypoxia di rectly activates the heat shock transcription factor that regulates induction of HSP70 by heat and other stress factors.
HSPs are induced in the glia in white matter of heated rats (Sprang and Brown, 1987; Manzerra and Brown, 1990; Nowak et aI. , 1990) and following brain injury and infarction (Brown et aI. , 1989; Gower et aI., 1989; Sharp et aI., 1991b) . Nishimura et ai. (1988 Nishimura et ai. ( , 1991 showed that HSPs were induced in cultured astrocytes following heating and that as trocytes produced greater amounts of the protein than neurons. Marini et ai. (1990) also showed that heat induced HSP70 in cerebellar astrocytes but not cerebellar granule cell neurons in vitro. Both stud ies demonstrated that astrocytes synthesize more HSPs than neurons after heat shock. In this study, HSP70 was induced in glial cells adjacent to the infarction in the cortex and striatum. Induction of HSP70 in glial cells at the margins of infarctions has been reported by Sharp et ai. (1991a) , who sug gested that the glia at the perimeter of infarctions could have a functional role in isolating normal brain from the abnormal ionic, pH, and excitatory amino acid gradients in infarcted brain. Moreover, since transfer of HSPs from glia to neuronal axons has been noted (Tytell et aI. , 1986) , it is possible that there is some interaction between infarcted neurons and glia in the penumbra (Sharp et aI., 1991a) . Swanson and Sharp (1992) have also shown that treatment of cultured astrocytes with zinc pro duces areas of astrocyte death without HSP induc tion, which are surrounded by HSP70-positive and viable astrocytes on the margins. Though the expla nation for this is uncertain, we propose that astro cytes within an infarction cannot synthesize HSP70 protein, whereas injured astrocytes at the margins of an infarction that will survive can synthesize hsp70 mRNA and HSP70 protein. Nowak (1991) found that expression of hsp70 mRNA was most pronounced in hippocampal CAl neurons that fail to accumulate immunoreactive HSP70 protein and are selectively lost following transient global ischemia. However, there was no apparent discrepancy between transcription and translation following our study of transient focal ischemia. Our results show intense induction of hsp70 mRNA in the neocortex, which likely corre sponds to the area of HSP70 protein induction in neurons, and much less hsp70 mRNA in lateral stri atum, which could be caused by the infarction in this region and could result in the loss of the tran scriptional ability of most neurons and glia. Re gional patterns of hsp70 mRNA induction have been previously reported following focal cerebral ischemia produced by two different models (Welsh et aI., 1992) . hsp70 mRNA was induced in the cen tral zone (ischemic core) following mild cortical ischemia produced by distal MCA occlusions. However, hsp70 mRNA was induced in regions ad jacent to the MCA territory, sparing the ischemic core, following severe ischemia produced by I-h combined occlusions of the MCA and both common carotid arteries (Welsh et aI. , 1992) . The investiga-tors speculated that the different patterns might be caused by differences in depletion of ATP, the en ergy supply for mRNA synthesis. Since the tran sient ischemia model used in the current study re sults in the most severe CBF depletion in the lateral striatum (Nagasawa and Kogure, 1989) , hsp70 mRNA might not be transcribed in most neurons and glia in this region because of the energy failure.
